Background: ASCL1 role in pancreatic endocrine tumourigenesis has not been established.
Results: 158 annotated ASCL1 target genes were identified in BON1 cells, among them DKK1 and TPH1 that were negatively regulated by ASCL1. An inverse relation of ASCL1 to DKK1 protein expression was observed for 15 out of 22 tumours (68%). Nine tumours displayed low ASCL1/high DKK1 and six tumours high ASCL1/low DKK1 expression. Remaining PETs showed high ASCL1/ high DKK1 (n = 4) or low ASCL1/low DKK1 (n = 3) expression. Nine of twelve analysed PETs (75%) showed TPH1 expression with no relation to ASCL1.
Conclusion:
A number of genes with potential importance for PET tumourigenesis have been identified. ASCL1 negatively regulated the Wnt signalling antagonist DKK1, and TPH1 expression in BON1 cells. In concordance with these findings DKK1 showed an inverse relation to ASCL1 expression in a subset of PETs, which may affect growth control by the Wnt signalling pathway.
Background
Pancreatic endocrine tumours (PETs) are derived from the embryologic endoderm and accounts for 1-2% of pancreatic cancer. The only currently curative therapy for patients with PETs is surgical resection. PETs occur sporadically or are familial in nature, caused by germ line mutations in the Multiple endocrine neoplasia 1 (MEN1) or von Hippel-Lindau (VHL) tumour suppressor genes. Understanding the molecular pathways that control PET development and proliferation are essential for possible development of novel therapies.
shown to play important regulatory roles in adrenal medullary chromaffin cells [1] , thyroid parafollicular C-cells [2] and pulmonary endocrine cells [3] . Ascl1 is tightly controlled by the Notch signalling pathway in the developing pancreas and governs the exocrine versus endocrine cell fate decision [4] . Forced Notch activation expands the pool of undifferentiated precursor cells and inhibits the initial emergence of endocrine cells and the following exocrine differentiation [5, 6] , whereas disruption of Notch signalling results in precocious endocrine differentiation [4] . The active form of Notch, NICD, induces the expression of Hairy and enhancer of split 1 (HES1) which in turn antagonises the expression of bHLH genes such as ASCL1, with subsequent inhibition of progenitor cell differentiation [7] .
We have recently reported that ASCL1 is invariably expressed in PETs, and suggested that the observed lack of nuclear HES1 might contribute to the expression of ASCL1 in these tumours [8] . In lung cancer cells ASCL1 negatively regulates the expression of Dickkopf homologue 1 (DKK1) [9] , an antagonist of the Wnt/β-catenin signalling pathway which is involved in the development of the exocrine pancreas [10] and in pancreatic beta cell proliferation [11] . Furthermore, overexpression of NOTCH1 in the human pancreatic endocrine tumour cell line BON1 leads to inhibition of ASCL1 expression, induction of HES1, reduced levels of endocrine markers such as synaptophysin, and also to major repression of TPH1 [12] , the rate limiting enzyme in serotonin biosynthesis. Serotonin is together with other hormones implicated to cause the carcinoid syndrome.
Here we report on ASCL1 target genes in BON1 cells transfected with ASCL1 siRNA. In addition, the relation of DKK1 and TPH1 protein expression to ASCL1 expression is studied in sporadic and familial (MEN 1) PETs.
Methods

Cell culture
The polyclonal BON1 cell line (a kind gift from Dr. J. C. Thompson, Department of Surgery, University of Texas Medical Branch, USA) was grown in 1:1 mixture of F12K (Invitrogen, Life Technologies, Carlsbad, USA) and DMEM (SVA, Uppsala, Sweden) medium supplemented with 5% foetal bovine serum. The cells were grown at 37°C in a humidified 5.0% CO 2 /air atmosphere. siRNA transfections were performed at 80% confluence. The BON1 cell line is one of few human pancreatic endocrine tumour cell lines available [13] .
Immunofluorescent microscopy BON1 cells were seeded on glass cover slips and fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) (Sigma Aldrich, St Louis, USA) for 30 min, and washed with PBS. The cells were permeabilised in 0.2% Triton X-100 (Sigma) in PBS for 5 min, washed again in PBS, and incubated in 5% foetal bovine serum in PBS for 60 min at room temperature. Primary as well as secondary antibodies were diluted in PBS containing 5% FBS. Cells were incubated with anti-ASCL1 mouse antibody (BD Biosciences, San Jose, USA) or anti-HES1 goat antibody (Santa Cruz Biotechnology, Santa Cruz, USA) followed by FITC-labelled secondary antibodies and TRITClabelled phalloidin with a washing step in between. The cover slips were mounted on object slides by the use of Vectashield with DAPI (Vector laboratories, Burlingame, USA). Cells were photographed by an Axiocam HRm camera employing the Axiovision imaging software using a 63× plan-apochromat objective and a Zeiss Axioplan2 microscope (Carl Zeiss Inc., Oberkochen, Germany).
siRNA transfection
The two siRNAs were pre-designed (Ambion, USA, ID 114405 and AM4635). 5′-CGCGUUAUAGUAACUCC-CATT and 5′-UGGGAGUUACUAUAACGCGTG (siRNA/ A) and 5′-AGUACUGCUUACGAUACGGTT and 5′-TTU-CAUGACGAAUGCUAUGCC (Control siRNA). Transfections were performed with 10-30 nmol siRNA in 12 well plates (80 0000 cells/well) using the jetSI-ENDO transfection reagent (Poly-Plus-Transfection SAS, Illkirch, France) according to the manufacturer's protocol. Samples were not pooled for downstream applications. Hs00188220_m1, and DKK1; Hs00183740_m1 (Applied Biosystems). Reactions were performed and analysed using an Applied Biosystems PRISM 7700 Sequence Detector. Standard cycling conditions were used. Triplicate of each cDNA was used and each assay was performed twice. The gene-specific signals were normalised to expression of ACTB and PPIA endogenous control genes (primer/probe mix 4333762F and 4333763T).
Western blotting
Protein extracts for Western blotting were prepared by lysing the cells in RIPA buffer (Sigma-Aldrich) supplemented with complete protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Protein sample from each transfected well was separated in 12% SDSpolyacrylamide gradient gels (BioRad, Hercules, USA), transferred to PVDF membranes (GE Healthcare Europe GmbH, Uppsala, Sweden) and blocked with SuperBlock Blocking Buffer (Pierce Biotechnology, Rockford, USA) overnight at 4°C. The membranes were incubated with anti-ASCL1 monoclonal antibody (BD Biosciences) or anti-α-Tubulin monoclonal antibody (Santa Cruz Biotechnology) for 2 h. After briefly washing with PBS containing 0.1% Tween 20, the filters were incubated for 1 h with a secondary goat anti mouse antibody conjugated to horseradish peroxidase (1:5000 dilution). The filters were washed and developed using the Super Signal West femto kit (Pierce Biotechnology).
Microarray analysis
RNAs from successful siRNA transfection experiments where used for microarray expression analysis. The GeneChips, Human Genome U133 Plus 2.0 (Affymetrix, Santa Clara, USA) was used for the analysis. 100 nanograms of total RNA from each sample were used to prepare biotinylated fragmented cRNA using the twocycle cDNA synthesis part. GeneChip were hybridised for 16 hours in a 45°C incubator, rotated at 60 rpm according to the GeneChip Expression Analysis Technical Manual (Rev. 5, Affymetrix). The arrays were washed and stained using the Fluidics Station 450 and finally scanned using the GeneChip Scanner 3000 7 G.
Bioinformatics
Differentially regulated genes were determined by calculating the fold change between the nonspecific siRNA transfected cell samples and the siRNA-ASCL1 transfected samples. Subsequent analysis of the gene expression data was carried out in the freely available statistical computing language R http://www.r-project. org using packages available from the Bioconductor project http://www.bioconductor.org. The raw data was normalised using the robust multi-array average (RMA) [14] background-adjusted, normalized and log-transformed summarised values as first suggested by Li and Wong in 2001 [15] . In order to search for the differentially expressed genes between the samples from the different groups an empirical Bayes moderated t test was then applied [16] , using the 'limma' package [17] . To address the problem with multiple testing, the p-values were adjusted according to Benjamini and Hochberg [18] . We selected as significant only probe sets with an adjusted p-value < 0.01 and an abs (log 2 ratio) equal to or larger than1 (which corresponds to a two-fold change in expression) to investigate further.
Tissue specimens
Pancreatic endocrine tumour specimens were obtained from biobanks at the Department of Endocrine Oncology, the Department of Surgery, and the Department of Pathology at the Uppsala University Hospital. Frozen or paraffin embedded tissues were used. Tumours were initially frozen in liquid nitrogen and stored at −80°C until analysis. Inclusions were based on the availability of operative tissue specimens or biopsy material. Altogether two gastrinomas, two glucagonomas (one liver metastasis), five insulinomas and 14 non-functioning tumours were investigated. The mean age at diagnosis was 48 years (range 19-86). Seven tumours were from MEN 1 patients. The tumours were classified according to the WHO classification of endocrine neoplasms. For comparison, eight specimens of macroscopically determined non-tumourous pancreas adjacent to a pancreatic endocrine tumour were assessed by immunohistochemistry.
Immunohistochemistry
Twenty-two PETs were immunostained for DKK1. Frozen, acetone-fixed sections (6 μm) were incubated with an anti-DKK1 rabbit polyclonal antibody (SC-25516, Santa Cruz Biotechnology) diluted in PBS with 1% BSA. The reaction product was revealed using a biotinylated secondary antibody, Vectastain Elite ABC, (Vector) and the chromogen 3-amino-9-ethylcarbazol and 0.02% hydrogen peroxide as a substrate. Sections were counterstained with Mayer's haematoxylin and mounted. Twelve paraffin embedded PET specimens were immunostained for TPH1. The rehydrated sections were heat-retrieved and incubated with an anti-TPH1 mouse antibody (Sigma Aldrich). The reaction product was revealed using the EnVision system -HPR (DakoCytomation, Copenhagen, Denmark), and DAB as the chromogen. Sections were counterstained with Mayer's haematoxylin and mounted. Each PET specimen and non-tumourous pancreatic specimens were evaluated independently by the authors and graded as low, high or heterogeneous (i.e. areas of both low and high expression present in the tumour). Immunostaining for ASCL1 has been published previously [8] and was graded as negative (−), weak (+), moderate (++), or strong (+++). In the present study we denoted strong (+++) staining in the cytoplasm as High and weak or moderate (+/++) as Low. Sections were photographed by an AxioCam MR camera employing the Axiovision imaging software using a LD A-plan 20×/40× 0.30 Ph1 objectives and a Zeiss Axiovert 40 microscope (Carl Zeiss Inc.).
Statistical analysis
Unpaired t test was used for calculations regarding qPCR expression. A p-value below 0.05 was considered significant.
Ethical approval
Permission for this study was obtained from the Uppsala Ethical Committee, Sweden. Informed consent was gathered from all patients.
Results
Expression profiling in the pancreatic endocrine tumour cell line BON1 RNA interference and microarray expression analysis were employed in order to identify ASCL1 target genes in BON1 cells. A specific siRNA to ASCL1 (ASCL1 siRNA/A) and one non-specific Control siRNA were transfected to BON1 cells. These cells are notoriously difficult to transfect and 30 nmol of siRNA was found to be optimal. ASCL1 siRNA/A was found to significantly (p < 0.0001) reduce ASCL1 mRNA expression compared to Control siRNA ( Figure 1A ). Importantly, ASCL1 protein expression was similarly reduced ( Figure 1B) . In order to further validate the experimental system for microarray expression analysis, the effects of reduced ASCL1 expression by RNAi was evaluated on the known or putative ASCL1 target genes Delta 1 (DLL1) and Synaptophysin (SYP). ASCL1 is known to bind to the DLL1 promoter and synergistically activate transcription together with Pou3f3 and Pou3f4 [19, 20] . Reduced expression of ASCL1 negatively affects SYP expression in SCLC cells as well as in pulmonary endocrine cells of Ascl1 double null mice [3] . As a putative negative control we also assessed expression of the transcription factor TCF3 (E12/E47); a recognised dimerisation partner of ASCL1 that is required for transcription activation of ASCL1 target genes [21, 22] . The results showed that siRNA/A to ASCL1 significantly reduced DLL1 (p = 0.001) and SYP (p = 0.01) expression, while expression of TCF3 was unaffected (Figures 2A-C ).
Since we have observed lack of nuclear HES1 in PETs [8] , protein expression in BON1 cells was investigated by fluorescent immunostaining. ASCL1 and HES1 were clearly expressed in BON1 cells, with prominent nuclear association (Figures 3 and 4 ).
Six validated RNA samples from transfections with ASCL1 siRNA/A and Control siRNA were selected for microarray expression analysis employing the Human Genome U133 Plus 2.0 GeneChip. A total of 433 transcripts showed at least a two-fold difference in expression in BON1 cells transfected with ASCL1 siRNA compared to Control siRNA. Among annotated genes, 46 showed increased-and 112 reduced expression ( Table 1 ; Table 2 ). As anticipated, ASCL1 expression was decreased ( Table 2 ). Expression of both DKK1 and TPH1 were found to be increased in ASCL1 siRNA transfected cells (Table 1; Figure 5 ). Thus, ASCL1 negatively regulates DKK1 and TPH1 in BON1 pancreatic endocrine tumour cells. Other ASCL1 target genes included oncogenes (like MYCN and RET), those involved in the integrin system (NRXN3, LAMA4 and SMOCK2), participating in apoptosis (PDCD6, CFLAR and CCAR1), as well as genes known to be involved in the Notch, Wnt, NFβ, TGFβ and MAP kinas signalling pathways. Many of the ASCL1 targets represent potential oncogenes and tumour suppressor genes.
Gene ontology (GO) were applied to identify the functional significance of all (n = 433) differentially expressed transcripts with known function(s) http:// www.geneontology.org. Each differentially expressed transcript was placed in functional GO categories and over-represented categories are shown. The enrichment of the GO data was narrowed down to broad GO terms. The division was based on biological process, molecular function, and cellular components. The most over-represented GO biological process categories, according to number of involved transcripts, related to regulation of a biological or cellular processes, development, metabolic processes or transcription and regulation of transcription. For molecular function, most over-represented categories were binding activity (receptor, DNA or nucleic acid) and transcription regulation (cofactor or binding activity). For cellular components, the most over-represented category was transcripts involved in cellular junctions (Table 3) .
Inverse expression of ASCL1 and DKK1 in the majority of investigated PETs
Expression of DKK1 was evaluated by immunohistochemistry in 22 out of the 23 analysed PETs ( Figure 6 ; Table 4 ). Inverse relation of ASCL1 [8] to DKK1 expression was observed for 15 out of 22 tumours (68%). Of these, nine tumours displayed low ASCL1/ high DKK1 and six tumours high ASCL1/low DKK1 expression. Thus, ASCL1 is likely to negatively regulate DKK1 transcription in these tumours, as has been shown to occur in A549 lung cancer cells [9] . The remaining PETs showed high ASCL1/high DKK1 (n = 4) or low ASCL1/low DKK1 (n = 3) expression. No relations of ASCL1/DKK1 expression to tumour syndrome, MEN 1, or WHO classification were observed.
TPH1 displays heterogeneous expression with no relation to ASCL1 in PETs
The amount of immunoreactivity varied for TPH1. Nine out of the twelve analysed PETs (75%) showed a heterogeneous expression pattern ( Figure 6F , Table 4 ). High expression was seen in two tumours and low expression in one. Tumours with high or heterogeneous expression showed a somewhat lower TPH1 expression than control non-tumourous pancreatic tissue. No relations of ASCL1 to TPH1 expression or to clinical characteristics were observed.
Discussion
This study showed altogether 433 target transcripts (158 annotated genes) in the human pancreatic endocrine tumour cell line BON1 that directly or indirectly were regulated by ASCL1, among them several putative oncogenes and suppressor genes. ASCL1 was found to negatively regulate DKK1 and TPH1 expression in BON1 cells. This may suggest that Notch1 signalling pathway regulatory factor(s) other than ASCL1 is involved in the reduced expression of TPH1 observed in Notch1 overexpressing BON cells [12] . In order to investigate if this relation between ASCL1, DKK1 and TPH1 in vitro might be of relevance in vivo, we analysed their protein expression in PETs. An inverse relation of ASCL1 to DKK1 expression was observed in 68% of the analysed ASCL1 has been found to repress DKK1 transcription, a negative regulator of the Wnt signalling pathway in lung cancer cells, and is also the first transcriptional repressor identified for DKK1. The regulation is meditated by histone deacetylation and repressive lysine 27 trimetylation in the promoter region of DKK1 [9] . Moreover, downregulation of DKK1 has been associated with colorectal-and breast cancer (23, 24) . On the other hand, DKK1 has also been identified as a potential prognostic and diagnostic marker for cohorts of breast cancer patients with poor prognosis [23] and increased circulating levels of DKK1 has been associated with the presence of bone metastases in patients with breast cancer [25] We note that 13 out of the 22 analysed PETs prominently expressed DKK1.
Wnt/β-catenin signalling is negatively regulated by DKK1 by inhibition of the complex formation between Wnts and its receptors, LRP5/6. It has been advocated that ASCL1 expression may favour cancer cell growth through repression of DKK1 with the consequential aberrant activation of the Wnt/β-catenin signalling pathway [9] . This may also apply to a subset of PETs as a total of 9 out of 22 PETs displayed low DKK1 immunoreactivity.
ASCL1 may have a coordinating role in production of serotonin by transcriptional regulation of TPH1 and could thereby be involved in causing the carcinoid syndrome in patients with PET [12] . Our results from the microarray expression analysis in BON1 cells suggested that TPH1 might constitute a ASCL1 target gene in BON1 cells. However, an obvious relation between ASCL1 and TPH1 protein expression levels were not found, and TPH1 showed a heterogeneous pattern of immunoreactivity in PETs. Traditionally, much of the Notch signalling research has focused on the involvement of Notch signalling factors like ASCL1 in neural stem cell differentiation. Even though pancreatic endocrine cells have an endodermal origin they also share several molecular features with neurons. Like neurons in the central nervous system, differentiating endocrine cells in the pancreas appear in a scattered fashion within a field of progenitor cells. The different cell types are generated by lateral inhibition through Notch signalling [4] . With this in mind it is not surprising that the results from the GO analysis suggest that ASCL1 target genes participate in cellular differentiation, migration and localisation of cells also in pancreatic endocrine cells.
Conclusion
The present findings support the notion that ASCL1 is involved in pancreatic endocrine tumourigenesis, where aberrant expression of DKK1 may play additional important roles. ASCL1 also directly or indirectly regulates expression of several putative oncogenes and tumours suppressor genes in pancreatic endocrine tumour cells that may contribute to the neoplastic process.
Figure 6
Immunohistochemical analysis of ASCL1, DKK1, and TPH1 in pancreatic endocrine tumours and nontumourous pancreatic specimen. Pancreatic islets are indicated by arrows. Representative immunostainings are shown. (A) High ASCL1 expression in tumour no. 5 (×200), (B) Low ASCL1 expression in tumour no. 23 (×200), (C) Low DKK1 expression in tumour no. 5 (×200), (D) High DKK1 expression in tumour no. 10 (×200), (E) DKK1 expression in non-tumourous pancreas (×200), (F) heterogeneous TPH1 expression in tumour no. 10 (×200), (G) TPH1 expression in non-tumourous pancreas (×400). Functional categories are based on GO annotation. Note that in GO function hierarchy, some genes/transcripts belong to multiple categories. 
